Probing the Epoch of Early Baryonic Infall Through 21cm Fluctuations by Barkana, Rennan & Loeb, Abraham
ar
X
iv
:a
str
o-
ph
/0
50
20
83
v2
  2
0 
Ju
l 2
00
5
Mon. Not. R. Astron. Soc. 000, 1–5 (2005) Printed 7 November 2018 (MN LATEX style file v2.2)
Probing the Epoch of Early Baryonic Infall Through 21cm
Fluctuations
R. Barkana
1
and A. Loeb
2 ⋆
1School of Physics and Astronomy, The Raymond and Beverly Sackler Faculty of Exact Sciences, Tel Aviv University, Tel Aviv 69978, ISRAEL
2Astronomy Department, Harvard University, 60 Garden Street, Cambridge, MA 02138, USA
7 November 2018
ABSTRACT
After cosmological recombination, the primordial hydrogen gas decoupled from the
cosmic microwave background (CMB) and fell into the gravitational potential wells of
the dark matter. The neutral hydrogen imprinted acoustic oscillations on the pattern of
brightness fluctuations due to its redshifted 21cm absorption of the CMB. Unlike CMB
temperature fluctuations which probe the power spectrum at cosmic recombination,
we show that observations of the 21cm fluctuations at z ∼ 20–200 can measure four
separate fluctuation modes (with a fifth mode requiring very high precision), thus
providing a unique probe of the geometry and composition of the universe.
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1 INTRODUCTION
Resonant absorption by neutral hydrogen at its spin-flip
21cm transition can be used to map its three-dimensional
distribution at early cosmic times (Hogan & Rees 1979;
Scott & Rees 1990; Madau et al. 1997). The primordial in-
homogeneities in the cosmic gas induced variations in the
optical depth for absorption of the cosmic microwave back-
ground (CMB) at the redshifted 21cm wavelength. Absorp-
tion occurs as long as the spin temperature of hydrogen, Ts
(which characterizes the population ratio of the upper and
lower states of the 21cm transition), is lower than the CMB
temperature, Tγ . This condition is satisfied in the redshift
interval 20 . z . 200 (Loeb & Zaldarriaga 2004), before
the first galaxies formed in the universe (Barkana & Loeb
2001).
The formation of hydrogen through the recombina-
tion of protons and electrons at z ∼ 103 decoupled the
cosmic gas from its mechanical drag on the CMB. Sub-
sequently, the neutral gas was free to fall into the gravi-
tational potential wells of the dark matter. The infalling
gas retained some memory of the oscillations imprinted in
the power spectrum of its density fluctuations on the scale
traversed by sound waves in the photon-baryon fluid prior
to decoupling. The signatures of these acoustic oscillations
have been detected recently in the CMB anisotropies from
z ∼ 103 (Spergel et al. 2003) and in the large-scale distribu-
tion of massive galaxies at z ∼ 0.35 (Eisenstein et al. 2005;
Cole et al. 2005). Here we calculate their imprint on the
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21cm brightness fluctuations at the intermediate range of
20 . z . 200 and propose it as a probe of the composi-
tion and geometry of the universe. Previous calculations of
the fluctuations at these redshifts were inaccurate since they
ignored fluctuations in the sound speed of the cosmic gas.
Furthermore, we show that the 21cm power spectrum as a
function of redshift can be decomposed into a combination of
five fixed fluctuation modes, with coefficients that vary with
redshift. We show that these modes and their coefficients
can all be measured directly and then used to constrain cos-
mological parameters. Several groups are currently engaged
in the construction of low-frequency radio experiments that
will attempt to detect the diffuse 21cm radiation from z & 6
(http://space.mit.edu/eor-workshop/).
2 GROWTH OF DENSITY PERTURBATIONS
On large scales, the dark matter (dm) and the baryons (b)
are affected only by their combined gravity. The evolution of
sub-horizon linear perturbations is described by two coupled
second-order differential equations (Peebles 1980):
δ¨dm + 2Hδ˙dm = 4piGρ¯m (fbδb + fdmδdm) ,
δ¨b + 2Hδ˙b = 4piGρ¯m (fbδb + fdmδdm) , (1)
where δdm(t) and δb(t) are the perturbations in the dark
matter and baryons, respectively, the derivatives are with
respect to cosmic time t, H(t) = a˙/a is the Hubble constant
with a = (1 + z)−1, and we assume that the mean mass
density ρ¯m(t) is made up of respective mass fractions fdm
and fb = 1 − fdm. Since these linear equations contain no
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spatial gradients, they can be solved spatially for δdm(x, t)
and δb(x, t) or in Fourier space for δ˜dm(k, t) and δ˜b(k, t).
Defining δtot ≡ fbδb + fdmδdm and δb− ≡ δb − δtot , we
find
δ¨tot + 2Hδ˙tot = 4piGρ¯mδtot ,
δ¨b− + 2Hδ˙b− = 0 . (2)
Each of these equations has two independent solutions. The
equation for δtot has the usual growing and decaying so-
lutions, which we denote D1(t) and D4(t), respectively,
while the δb− equation has solutions D2(t) and D3(t); we
number the solutions in order of declining growth rate (or
increasing decay rate). We assume an Einstein-de Sitter,
matter-dominated universe in the redshift range z = 20–
150, since the radiation contributes less than a few percent
at z < 150, while the cosmological constant and the curva-
ture contribute to the energy density less than a few per-
cent at z > 3. In this regime a ∝ t2/3 and the solutions are
D1(t) = a/ai and D4(t) = (a/ai)
−3/2 for δtot, and D2(t) = 1
and D3(t) = (a/ai)
−1/2 for δb−, where we have normalized
each solution to unity at the starting scale factor ai. Intu-
itively, since baryons and dark matter both feel the same
gravity, the difference between them changes according to
D2 and D3 which describe the evolution of perturbations in
the absence of gravity. We set the initial redshift zi = 150,
when the photon density and temperature perturbations be-
come negligible on sub-horizon scales and can be neglected
(Naoz & Barkana 2005).
The observable baryon perturbation can then be written
as
δ˜b(k, t) = δ˜b− + δ˜tot =
4∑
m=1
δ˜m(k)Dm(t) , (3)
and similarly for the dark matter perturbation,
δ˜dm =
1
fdm
(
δ˜tot − fbδ˜b
)
=
4∑
m=1
δ˜m(k)Cm(t) , (4)
where Ci = Di for i = 1, 4 and Ci = −(fb/fdm)Di for i =
2, 3. We establish the values of δ˜m(k) by inverting the 4× 4
matrix A that relates the 4-vector (δ˜1, δ˜2, δ˜3, δ˜4) to the 4-
vector that represents the initial conditions (δ˜b, δ˜dm,
˙˜δb,
˙˜δdm)
at the initial time.
3 GROWTH OF TEMPERATURE
PERTURBATIONS
We include the (previously ignored) fluctuations in the
sound speed of the cosmic gas caused by Compton heating
of the gas, which is due to scattering of the residual electrons
with the CMB photons. The evolution of the temperature
T of a gas element of density ρb is given by the first law of
thermodynamics:
dQ =
3
2
kBdT − kBTd log ρb , (5)
where dQ is the heating rate per particle. Before the first
galaxies formed,
dQ
dt
= 4
σT c
me
kB(Tγ − T )ργxe(t) , (6)
where σT is the Thomson cross-section, xe(t) is the elec-
tron fraction out of the total number density of gas par-
ticles, and ργ is the CMB energy density at a tempera-
ture Tγ . In the redshift range of interest, we assume that
the photon temperature (Tγ = T
0
γ /a) is spatially uniform,
since the high sound speed of the photons (i.e., c/
√
3) sup-
presses fluctuations on the sub-horizon scales that we con-
sider, and the horizon-scale ∼ 10−5 fluctuations imprinted
at cosmic recombination are also negligible compared to the
smaller-scale fluctuations in the gas density and tempera-
ture. Fluctuations in the residual electron fraction xe(t) are
even smaller. Thus,
dT
dt
=
2
3
T
d log ρb
dt
+
xe(t)
tγ
(Tγ − T ) a−4 , (7)
where t−1γ ≡ ρ¯0γ(8σT c/3me) = 8.55 × 10−13yr−1. After cos-
mic recombination, xe(t) changes due to the slow recombi-
nation rate of the residual ions:
dxe(t)
dt
= −αB(T )x2e(t)n¯H(1 + y) , (8)
where αB(T ) is the case-B recombination coefficient of hy-
drogen, n¯H is the mean number density of hydrogen at time
t, and y = 0.079 is the helium to hydrogen number density
ratio. This yields the evolution of the mean temperature,
dT¯/dt = −2HT¯ + xe(t)t−1γ (Tγ − T¯ ) a−4. In prior analyses
(e.g., Peebles 1980; Ma & Bertschinger 1995) a spatially uni-
form speed of sound was assumed for the gas at each red-
shift. Note that we refer to δp/δρ as the square of the sound
speed of the fluid, where δp is the pressure perturbation,
although we are analyzing perturbations driven by gravity
rather than sound waves driven by pressure gradients.
Instead of assuming a uniform sound speed, we find the
first-order perturbation equation,
dδT
dt
=
2
3
dδb
dt
− xe(t)
tγ
Tγ
T¯
a−4δT , (9)
where we defined the fractional temperature perturbation
δT . Like the density perturbation equations, this equation
can be solved separately at each x or at each k. Furthermore,
the solution δT (t) is a linear functional of δb(t) [for a fixed
function xe(t)]. Thus, if we choose an initial time ti then
using Eq. (3) we can write the solution in Fourier space as
δ˜T (k, t) =
4∑
m=1
δ˜m(k)D
T
m(t) + δ˜T (k, ti)D
T
0 (t) , (10)
where DTm(t) is the solution of Eq. (9) with δT = 0 at
ti and with the perturbation mode Dm(t) substituted for
δb(t), while D
T
0 (t) is the solution with no perturbation δb(t)
and with δT = 1 at ti. By modifying the CMBFAST code
(Seljak & Zaldarriaga 1996), we numerically solve Eq. (9)
along with the density perturbation equations for each k
down to zi = 150, and then match the solution to the form
of Eq. (10). We note that Bharadwaj & Ali (2004a) derived
a similar equation to Eq. (9) but solved it only for a den-
sity perturbation that follows the growing mode D1(t), ne-
glecting the other density modes and the initial temperature
perturbation.
Figure 1 shows the time evolution of the various in-
dependent modes that make up the perturbations of den-
sity and temperature, starting at the time ti correspond-
ing to zi = 150. D
T
2 (t) is identically zero since D2(t) = 1
c© 2005 RAS, MNRAS 000, 1–5
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Figure 1. Redshift evolution of the amplitudes of the indepen-
dent modes of the density perturbations (upper panel) and the
temperature perturbations (lower panel), starting at redshift 150.
We show m = 1 (solid curves), m = 2 (short-dashed curves),
m = 3 (long-dashed curves), m = 4 (dotted curves), and m = 0
(dot-dashed curve). Note that the lower panel shows one plus the
mode amplitude.
is constant, while DT3 (t) and D
T
4 (t) are negative. Figure 2
shows the amplitudes of the various components of the ini-
tial perturbations. We consider comoving wavevectors k in
the range 0.01 – 40 Mpc−1, where the lower limit is set by
considering sub-horizon scales at z = 150 for which photon
perturbations are negligible compared to δdm and δb, and the
upper limit is set by requiring baryonic pressure to be neg-
ligible compared to gravity. δ˜2 and δ˜3 clearly show a strong
signature of the large-scale baryonic oscillations, left over
from the era of the photon-baryon fluid before recombina-
tion, while δ˜1, δ˜4, and δ˜T carry only a weak sign of the oscil-
lations. For each quantity, the plot shows [k3P (k)/(2pi2)]1/2,
where P (k) is the corresponding power spectrum of fluctu-
ations.
δ˜4 is already a very small correction at z = 150 and
declines quickly at lower redshift, but the other three modes
all contribute significantly to δ˜b, and the δ˜T (ti) term remains
significant in δ˜T (t) even at z . 100. Note that at z = 150
the temperature perturbation δ˜T has a different shape with
respect to k than the baryon perturbation δ˜b, showing that
their ratio cannot be described by a scale-independent speed
of sound.
The power spectra of the various perturbation modes
and of δ˜T (ti) depend on the initial power spectrum of den-
sity fluctuations from inflation and on the values of the fun-
damental cosmological parameters (Ωdm, Ωb, ΩΛ, and h). If
these independent power spectra can be measured through
21cm fluctuations, this will probe the basic cosmological
parameters through multiple combinations, allowing consis-
tency checks that can be used to verify the adiabatic nature
and the expected history of the perturbations. Figure 3 il-
Figure 2. Power spectra and initial perturbation amplitudes ver-
sus wavenumber. The upper panel shows δ˜b (solid curves) and
δ˜dm (dashed curves) at z = 150 and 20 (from bottom to top).
The lower panel shows the initial (z = 150) amplitudes of δ˜1
(solid curve), δ˜2 (short-dashed curve), δ˜3 (long-dashed curve), δ˜4
(dotted curve), and δ˜T (ti) (dot-dashed curve). Note that if δ˜1 is
positive then so are δ˜3 and δ˜T (ti), while δ˜2 is negative at all k,
and δ˜4 is negative at the lowest k but is positive at k > 0.017
Mpc−1.
lustrates the relative sensitivity of
√
P (k) to variations in
Ωdmh
2, Ωbh
2, and h, for the quantities δ˜1, δ˜2, δ˜3, and δ˜T (ti).
Not shown is δ˜4, which although it is more sensitive (chang-
ing by order unity due to 10% variations in the parameters),
its magnitude always remains much smaller than the other
modes, making it much harder to detect. Note that although
the angular scale of the baryon oscillations constrains also
the history of dark energy through the angular diameter
distance, we have focused here on other cosmological pa-
rameters, since the contribution of dark energy relative to
matter becomes negligible at high redshift.
4 21CM FLUCTUATIONS
The spin temperature Ts is defined through the ratio be-
tween the number densities of hydrogen atoms, n1/n0 =
(g1/g0) exp {−T⋆/Ts} , where subscripts 1 and 0 correspond
to the excited and ground state levels of the 21cm transition,
(g1/g0) = 3 is the ratio of the spin degeneracy factors of the
levels, and T⋆ = 0.0682K corresponds to the energy differ-
ence between the levels. The 21cm spin temperature is on the
one hand radiatively coupled to the CMB temperature, and
on the other hand coupled to the kinetic gas temperature T
through collisions (Allison & Dalgarno 1969) or the absorp-
tion of Lyα photons (Wouthuysen 1952; Field 1958). For the
concordance set of cosmological parameters (Spergel et al.
2003), the mean brightness temperature on the sky at red-
shift z (relative to the CMB itself) is (Madau et al. 1997)
c© 2005 RAS, MNRAS 000, 1–5
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Figure 3. Relative sensitivity of perturbation amplitudes at z =
150 to cosmological parameters. For variations in a parameter x,
we show dlog
√
P (k)/dlog(x). We consider variations in Ωdmh
2
(upper panel), in Ωbh
2 (middle panel), and in the Hubble constant
h (lower panel). When we vary each parameter we fix the other
two, and the variations are all carried out in a flat Ωtotal = 1
universe. We show the sensitivity of δ˜1 (solid curves), δ˜2 (short-
dashed curves), δ˜3 (long-dashed curves), and δ˜T (ti) (dot-dashed
curves).
Tb = 28mK [(1 + z)/10]
1/2 [(Ts − Tγ)/Ts] x¯HI, where x¯HI is
the mean neutral fraction of hydrogen.
In general, fluctuations in Tb can be sourced by fluctu-
ations in gas density, temperature, neutral fraction, radial
velocity gradient, and Lyα flux from galaxies. The veloc-
ity gradient term (Sobolev 1960) is in Fourier space (Kaiser
1987; Bharadwaj & Ali 2004a,b) δ˜drvr = −µ2 ˙˜δ/H , where
µ = cos θk in terms of the angle θk of k with respect to
the line of sight. We can therefore write the fluctuation as
(Barkana & Loeb 2005)
δ˜Tb(k, t) = µ
2 ˙˜δ(k)H−1 + βδ˜(k) + βT δ˜T (k) + δ˜rad(k) , (11)
where we have defined time-dependent coefficients β and
βT (combining the relevant explicit terms from Eq. 2 of
Barkana & Loeb (2005)), and have also combined the terms
that depend on the radiation fields of Lyα photons and
ionizing photons into δ˜rad. Before the first galaxies formed,
x¯HI = 1 and δ˜rad = 0. Thus,
δ˜Tb(k, t) =
4∑
m=1
δ˜m(k)
[
µ2H−1(t)D˙m(t) + βDm(t)
+βTD
T
m(t)
]
+ βT δ˜T (k, ti)D
T
0 (t) . (12)
The power spectrum PTb is defined by
〈δ˜Tb(k1, t)δ˜Tb,t(k2)〉 = (2pi)3δD(k1 + k2)PTb(k1, t) . (13)
At z = 150, the overall contributions of the δ˜1, δ˜2, δ˜3, and
δ˜T (ti) terms to PTb are comparable, while the δ˜4 term (which
corresponds to the usual decaying mode) represents only a
1% correction to the 21cm power spectrum. The contribu-
tions of the different terms to δ˜Tb then scale with redshift
roughly like the corresponding density modes Dm(t), with
the δ˜T (ti) term varying roughly as ∝ 1/a, so that the usual
growing mode δ˜1 dominates at low redshift.
Noting that observations of the 21cm power spectrum
can be analyzed as a function of k and µ, we write the power
spectrum as a polynomial in µ (Barkana & Loeb 2005),
PTb(k) = µ
4Pµ4(k) + µ
2Pµ2(k) + Pµ0(k) , (14)
and obtain the three separate power spectra of 21cm fluctu-
ations. Figure 4 shows their values at various redshifts. The
fluctuations rise with time until z ∼ 50 due to the growth
of fluctuations and then decline at lower redshift due to the
reduced collisional coupling of the 21cm spin temperature
to the gas temperature (Loeb & Zaldarriaga 2004). The five
power spectra shown in the lower panel of Fig. 2 along with
the coefficients of the five modes in Eq. (12) can all be de-
termined directly from observations. Suppose, e.g., that we
measure the three observable power spectra at N k-values
at M different redshifts, for a total of 3NM data points. As
we have shown, these data points can be modeled in terms
of the amplitudes of five separate fluctuation modes at the
same N k-values, along with two coefficients per redshift for
each fluctuation mode [corresponding to the contributions
to the µ2 term and to the µ-independent term in Eq. (12)].
The total of 5N +10M parameters can then be determined
as long as the number of data points is larger than this total.
Thus,M = 4 redshifts suffice as long as N > 5, whileM = 2
suffices for any N > 20. Measurements at additional red-
shifts will allow a more accurate reconstruction along with
multiple consistency checks. Note that Figure 1 shows that
separating out the different modes at z ∼ 20 requires an
order of magnitude higher measurement precision than at
z ∼ 100.
Detection of these fluctuations with future experiments
(Zaldarriaga et al. 2004; Morales & Hewitt 2004; Morales
2005) would set new constraints on the evolution of the
universe through a regime of cosmic time that has never
been probed before. Unlike existing cosmological probes, the
three-dimensional nature of 21cm fluctuations makes possi-
ble measurements at a wide range of redshifts and scales.
CMB temperature fluctuations (Spergel et al. 2003) probe
the power spectrum only at cosmic recombination, and only
on scales k 6 0.2 Mpc−1 which are not damped by pho-
ton diffusion. Galaxy redshift surveys (Tegmark et al. 2004;
Cole et al. 2005) probe the density power spectrum only
at low redshifts where the fastest-growing mode D1(t) is
already strongly dominant, and the signature of the bary-
onic oscillations is weak. Furthermore, even on large scales
(k < 0.1 Mpc−1) the biased distribution of galaxies may be
affected by complex astrophysical feedback processes such
as cosmic reionization (Barkana & Loeb 2004).
Indeed, CMB fluctuations and galaxy surveys cannot in-
dividually constrain multiple-parameter cosmological mod-
els due to degeneracies, and must be combined in order to
achieve significant constraints (Tegmark et al. 2004). In con-
trast, 21cm fluctuations provide a signal at a sufficiently
early epoch when the baryons have not yet caught up with
the dark matter, and four separate fluctuation modes are de-
tectable (with a fifth mode requiring higher precision). Since
each mode depends differently on the cosmological param-
c© 2005 RAS, MNRAS 000, 1–5
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Figure 4. Power spectra of 21cm brightness fluctuations versus
wavenumber. We show the three power spectra that are sepa-
rately observable, Pµ4 (upper panel), Pµ2 (middle panel), and
Pµ0 (lower panel). In each case we show redshifts 150, 100, 50
(solid curves, from bottom to top), 35, 25, and 20 (dashed curves,
from top to bottom).
eters (see Fig. 3), such measurements would provide great
discriminatory power in determining the cosmological pa-
rameters and in testing for any deviations from the stan-
dard ΛCDM paradigm. This cosmological information is in
principle available from measurements in any redshift range,
but the amplitudes of some of the modes decline at low
redshift and they become more challenging to measure (see
Fig. 1). While we have focused on deriving constraints from
the power spectra, we note that the coefficients in Eq. (12)
depend on known cosmological and atomic physics, so that
measuring them from the 21cm data will help to further
constrain the fundamental cosmological parameters.
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